This paper describes the design of dragonfly-inspired robots. Dragonflies demonstrate unique and superior flight performances than most of the other insect species. They are equipped with two pairs of independently controlled wings. The high level of dexterity in wing motion of the dragonfly allows it to hover, fly fast forward, make turns rapidly, fly sideways, and even glide. A dragonfly-inspired robot which could effectively mimic those kinematics would potentially exhibit superior flight performance than existing designs of insect robots.
INTRODUCTION
Dragonfly is one of the oldest and most maneuverable flying insects on earth. Their flight performance far exceeds many other flying insect species. They can hover, cruise up to 54km/h, turn 180 in three wing beats, fly sideways, glide, and even fly backwards [1] [2] . They intercept prey in air with amazing speed and accuracy. Dragonfly has inspired engineers to build four-winged micro aerial vehicles, for example, the Wowwee dragonfly robot [3] and Delfly [4] . These dragonfly MAVs share the same feature of a coupled four-wing mechanism based on two-wing structures. In their design, the leading edges of the principle wing pair are extended to form the leading edge of the second pair, and as a result all four wings flap on the same stroke plane and there is no distinction between the forewing and hindwings.
In this study, we aim to build a dragonfly insect robot equipped with two separate pairs of wings. As observed in nature, dragonflies control their forewing and hindwings independently by their powerful and complicated thorax muscles. As a result, the two pairs of wings employ different wing kinematics and relative phase angles during different flight modes. The advantages of two separate pairs of wings are not only reflected in the increased total aerodynamic lift over one pair of wings, but also increased flight control inputs and stabilization techniques in different flight modes.
Biological locomotory systems are typically quite complex, and do not lend themselves directly to analytical methods when attempting to understand the physical phenomena at hand. A properly designed experimental 1 testbed can facilitate the study of a wide range of natural phenomena. We have developed a pair of dragonfly flappers to reproduce the wing kinematics of dragonflies in hover and forward flight, while measuring the instantaneous aerodynamic forces and visualizing the flow field. The flapper allows for the testing of high stroke plane kinematics as seen in dragonflies and can closely mimic the real dragonfly wing motion, a capability lacking in the very few experimental setup so far [5] [6] . Once the information garnered from these experiments has been utilized in a robotic prototype design, the testbed can also be used to evaluate the implementation of the robotic dragonflies.
Two generations of robotic dragonfly prototypes have been constructed, utilizing different manufacturing techniques. The prototypes take inspiration from the efficiency in hovering flight of dragonflies. The natural kinematics of a dragonfly have been altered for simplicity of mechanical design, in an effort to reduce the weight of the prototype and maximize lift force. The design process for each prototype is explained in detail, as well as experimental measurements on kinematics and aerodynamics.
Dragonfly Flight
Dragonflies have survived millions of years of evolution and are one of the most stable and maneuverable flyers in nature. They are also one of the very few species which can capture preys in air. Their horizontal body posture allows them to change flight modes from hovering to fast forward or turning swiftly and follow a target closely.
Unlike most other insects, dragonflies can also fly backwards, sideways and even glide. Their flight speed is as high as 90km/h, and acceleration is as high as 130m/s 2 . The maximum thrust force their wings generate can go up to thirteen times their body weight. Videos of dragonfly flight also show dragonflies turn 180 degrees in only three wingbeats. In general, the wingbeat frequency of dragonfly ranges from 20-90 Hz.
The flight kinematics of a dragonfly differ significantly from most insects in that they have two pairs of independently-controllable wings. The high level of dexterity in wing motion of the dragonfly allows for its excellent maneuverability, and a robot which could effectively mimic those kinematics would potentially exhibit superior flight performance than existing designs.
Wing Kinematics
Dragonfly flight kinematics have been studied extensively from a biological perspective [7] , [8] , [9] , [10] , [11] , [12] , [13] , [14] , [15] , [16] . Experiments and measurements on the flight kinematics of different species of dragonflies are available [17] , [18] , [19] , [20] , [21] . It has been observed that while hovering, dragonfly wing motion is mostly confined to the stroke plane, which is defined in Figure 1 . Figure 1 shows the wing coordinate system, where β is the stroke plane angle with respect to the vertical. α is the wing stroke amplitude within the stroke plane. ψ is the angle of attack w.r.t the stroke plane. Deviation angle defines the angle deviated from the stroke plane. The Reynolds number range includes all flight conditions such as hovering and forward flight. Table 1 shows the range of dragonfly wing kinematics based on biological studies [10] , [22] . It has been found that the phase difference between the forewings and hindwings of dragonfly changes as flight condition varies [23] . During hovering, dragonflies employ out-of-phase counter-stroking of the forewing and hindwing, mostly due to stability and vibration suppression purposes. During forward flight, they employ phase difference between 60-90 degrees. Using a pair of horizontally stacked robotic wings, researchers found that the wing-wing interactions in dragonfly may be advantageous for power efficiency purposes [6] . Although in the aforementioned study, the motion is close to hoverflies and damselflies, which primarily flap in a horizontal stroke plane and use smaller phase shifts.
The high level of control that dragonflies exert over their wings can be traced to the way the flight muscles on the wing base. The flapping motion of the wings is controlled by separate muscles than those which control feathering motion, in contrast to most other flying insects, in which muscles that are responsible for flapping also control feathering [24] .
Aerodynamic Characteristics
Since dragonflies flap in a close to vertical stroke plane for hovering, most of the lift generation is caused by pressure drag on the downstroke. The wing acts like an oar dragging through the water; the drag force on the wing is directed upwards while the wing is pushing down. This flapping regime has the benefit of lowering the specific power required for flapping by minimizing the force on the wing for the upstroke. For normal (horizontal stroke plane) hovering, the drag is a parasitic force: it does not contribute to the vertical force, and therefore should be minimized. The contribution of drag forces to net vertical force is explored and analyzed by computational fluid methods in [15] .
Unsteady aerodynamic mechanisms have been found in insect flight [25] . The introduction of quasi-steady analytical models into the aerodynamics of insect flight has seen much progress over the past decade. The extent to which these unsteady terms are applicable to dragonfly kinematics has yet to be determined since dragonflies assume different wing kinematics, especially the high stroke plane angle resulted drag based lift. While some of the unsteady phenomena are markedly absent for dragonflies (most obviously clap-and-fling), others probably play a role in lift generation such as wing-wing interactions [10] [26].
Wing Flexibility and Passive Rotation
Passive rotation is generally a mechanism which allows the wing to rotate without using active control, this feature is present in most insects rather than bats, birds or other larger flying animals. Dragonfly wings have the flexibility to rotate and change their effective angle of attack without actively using muscles to perform this task.
It has been found that both fluid forces [27] , and the wing's own inertial forces [28] facilitate this rotation.
Dragonfly wings have an inherent flexibility which allows the wing to deform during flight. Dragonfly wings exhibit a torsional deformation from root to tip (similar to helicopter blades). This balances the effective angle of attack along the length of the wing. The deformation of the wing is also aided by its own inertial forces. The center of mass of a dragonfly wing is behind its rotational axis, which forces the wing to rotate during stroke reversal. The inertial force exerted on the wing is controlled by the size of the pterostigma, a heavy spot near the tip of the wing that affects the wings rotational inertia [29] . The actual rotation of the wing must be the result of some active torsional force though, since the timing of the rotation within the stroke cycle is too early to be entirely supplied by the inertial forces. More recently, it has been suggested that the fluid forces do supply the majority of the rotation [27] . In this work, we will also incorporate passive rotation of the wing into the robot design.
Dragonfly Robot Design and Experimental Apparatus
The goal of this project was to design a dragonfly robot capable of hovering flight. We have developed two generations of robotic prototypes. Both pairs of wings are driven by one motor to achieve the power stroke flapping motion, while a tunable phase difference between the forewings and hindwings was achieved by a variable length coupler link. Flapping alone will not generate any net lift, therefore passive rotation of the wings were incorporated into the design to generate angle of attack. The design of one motor driving both wings results from the consideration of weight and simplification purposes.
Experimental Apparatus to study dragonfly aerodynamics
In order to properly test flapping kinematics, we developed an experimental apparatus to reproduce a wide range of actual dragonfly kinematics, in particular, to realize the high stroke plane motion of actual dragonflies. Compared to previous flapping mechanisms [30] , [9] , [31] , [6] , [16] , [10] , the two main improvements of the current dragonfly flappers are the ability to place the base of two wings very close together to capture the fluid interactions, and the ability to test kinematics which incorporated a high stroke-plane angle in both hovering and forward flight cases. Details of the flapper mechanism can be found in [32] . Figure 2 shows the experimental apparatus. 
DC Motor Driven Double Slider-Crank Mechanism
The mechanical drive for the prototype is a double slider-crank mechanism. The slider crank mechanism transmits the rotational motion of the motor to the wings, which exhibit a flapping motion. This design has the advantage of creating a perfectly symmetric wing motion. The slider-crank has three functional parts: the crank, the connecting rod and the slider. The crank (in this case, a gear) is constrained so it may rotate in a complete circle. The connecting rod (a carbon fiber linkage) is pinned at both ends: one to the gear and one to the slider. The slider is constrained to linear motion along a post. As the gear, driven by the motor, rotates, its motion is transmitted through the linkage to the slider, which moves linearly on the post. This can be seen in Figures 3 and 4 , where the motion of the gear (labeled '1') drives the motion of the slider (labeled '2'). There is a dedicated slider for both the fore-and hind-wings ( Figure 5(b) ). The phase link joint allows one gear to serve as the crank for both sliders, and is presented in the next section. consists of two carbon fiber tubes: one to support the pin which attaches it to the slider, and one to house a garolite rod, which slides through the wing pin joint (see Figure 5 (a)). This sliding motion of the rod is labeled '3' in Figure 3 . As the slider moves on the post, the rod keeps the small pin joint aligned with the wing pin joint, whose position is fixed w.r.t the airframe. Thus, the up and down motion of the slider becomes an angular rocking motion of the small pin joint, which is transmitted through the wing pin joint to the wing (labeled '4').
The mechanism functions such that the axis of the garolite rod (on the small pin joint) is always parallel to the axis of the wing spar. The wing pin joint is attached to the wing spar, and as the pin joint rotates, so does the wing; rotation of the pin joint is prescribed as the flapping motion of the wing. 
Variable Phase Angle Between Forewings and Hindwings
In dragonfly flight, the phase difference between the forewing and hindwing plays an important role in force generation [31] [6]. In our mechanism, the amplitude of each pair of wing can be varied, as can the phase difference. Both of these kinematic parameters can be adjusted on the prototype with the phase link joint, shown in Figure 7 .
The phase difference can be changed by increasing the length of the phase link, and relative amplitude can be changed by rotating the phase link. Figure 8 
where r 1 and r 2 are the effective radii of the hind-and forewings, respectively. This radius is used in equations 2 and 3 to calculate the amplitude of the wing's rotation. 
Wing Passive Rotation Joint
Passive rotation exists in most insect wings during flight [27] [28]. In our design, passive rotation was achieved in the mechanism by allowing the wing to rotate freely within a constrained variable space. The wing is allowed to rotate 90 degrees from a horizontal position, to a vertical position. In practice, the wing can achieve effective angles slightly outside this range due to wing flexibility and component tolerances (this is illustrated in the measured wing kinematics shown in figure 14(a) . With the wing free to rotate, the actual angle of attack is determined by the aerodynamic torque, inertia, etc. During the downstroke the aerodynamic force causes a moment around the wing which holds it in a horizontal position. This maximizes the drag on the wing, which is desired because it results in an upward force on the body. During the upstroke, the aerodynamic force causes a moment around the wing which rotates it to the vertical position, which minimizes drag, and thus the downward force on the body. In the transition areas between the two strokes, the wing rotates due to a combination of aerodynamic, gravitational and inertial forces.
Figure 9(a) shows the Solidworks model for the passive rotation joint which was eventually constructed out of carbon fiber. To fulfill its function as the output link for the wing pin joint, it has two carbon fiber tubes. One houses the pin for the wing pin joint, and one serves as a sliding joint for the rod attached to the output link of the small pin joint. Figure 9 (b) shows the actual wing with embedded passive rotation joint in the second generation prototype. A short garolite rod serves as the spar for the wing, to attach it to the wing pin joint. This rod is glued part-way inside a carbon fiber tube, which in turn is glued to a long carbon fiber beam. The polyester film of the wing is supported by a long carbon fiber beam, which is glued to the garolite rod that extends into the passive rotation joint. The film is also glued at another point on the garolite rod, this time in the interior of the passive rotation joint, through a gap in the joint. The two opposing carbon fiber beams restrict the rotation of the rod, as the wing will come into contact with the beams, halting its rotation. 
Stroke Plane Angle
The stroke plane is the plane which contains the wing spar's motion (the plane in which the wing flaps.) It is always vertical (β is 90 o ) , but the angle that it makes with the plane of symmetry of the body (γ in Figure 6 (b)) affects the adjacent wing's fluid interaction. Both the fore-and hind-wings have a γ leaning 20 degrees away from the perpendicular. This allows for the base of the wings to be placed closer together (without shrinking the wing size) and more closely mimics an actual dragonfly's hovering stroke planes.
Prototype Development
The airframe and most other components of the first generation prototype were made of carbon fibers and machined in the lab. To further minimize the size of the airframe, the second-generation prototype was designed in Solidworks and printed from a 3D thermal jet printer as one solid piece. The second generation robot also replaced the phase link joint in favor of separate gears for each wing pair. The phase difference between the forewing and hindwing is set by aligning the gears with the proper angular displacement. The driven gear shown in Figure 8 (a) has also been replaced by a link, which is lighter and also minimizes the inertial effect due to the angular momentum of the gear. Figure 10 
Wing Kinematics
The analytical forward kinematics of the wing (flapping angles) are calculated as follows:
where θ is the input angle (gear angle), φ is the output angle (flapping angle), r is the radius of gear, l is the length of rod linkage, z is the height of slider, a is the horizontal distance from slider pin joint to stationary pin joint, b is the offset on slider, h is the height of stationary pin joint measured from gear centerline, ∆ is the offset distance of wing spar. The definitions of these variables are depicted in Figure 12 . The actual flapping angle, rotation angle and wing beat frequency were measured using high speed camera as follows. The wing was orientated so that the camera was directed perpendicularly to the stroke plane. A small strip of tape (shown in Fig. 13(a) ), 1 inch long, was placed along the chord of the wing. As the rotational angle of the wing changes, the projected length of this strip on the stroke plane changes; From the tape length, the rotational angle φ can be determined through the following equation, φ = arcsin(l/1) where the l is the projected length of the strip (and the denominator, 1, is the actual length of the strip). The flapping angle can be measured directly from the image, since the stroke plane is paralell with the image. A snapshot of the wings in motion is shown Figure 13 (b).
The motion was captured using a high speed Allied Vision Technology CCD Camera at 80 frames per second.
The prototype runs up to 8 Hz. Each camera image was saved in National Instrument's Vision Assistant for LabVIEW. A Virtual Instrument (VI) was created to calibrate the pixels to real world units of inches. Each image was then sequentially analyzed in LabVIEW to measure the flapping angle and the length of a the tape strip.
(a) Camera Captured Image (b) Prototype in motion Figure 13 : Experiments to measure wing kinematics It can be seen in Figure 14 (a) that the actual flapping angle of the prototype is very close to the analytical angle derived by assuming perfect mechanism stiffness and constant motor velocity. Since the rotation of the wing is entirely passive, the rotation angle depends on the aerodynamic and inertial forces exerted on it. The measured angle-of-attack are compared to the actual dragonfly kinematics in Figure 14(b) . Note that the prototype data is plotted in phase. To smooth out the rotational angle, rotational springs can be mounted on the hindwings to prevent the sharp changes in angles of attack. 
Aerodynamic Force Generation 4.2.1 Aerodynamic Forces Based on Quasi-steady Analytical Model
The aerodynamic forces on the wing were calculated using the kinematic data obtained from experimentation, based a quasi-steady state aerodynamic model:
Where ρ is the air density, S is the wing area and U wing velocity. The drag coefficient (C D ) was calculated assuming the wing was a flat plate, and its value were taken from [33] . The wing velocity (u) was calculated by mapping a spline to the flapping angle data points ( Fig. 14(a) ), and then using a midpoint finite difference formula to estimate the velocity between each data point.
This aerodynamic forces were then expressed in the body coordinate frame using the coordinate transformation from wing frame as in 5.
c p is the distance from the center of pressure of the wing to the wing spar. r is the distance from the center of pressure to the axis of rotation of the wing. All rotational transformations give coordinates expressed in the current frame. β and α are defined as in Figure 1 . γ is the angle the stroke plane makes with the plane of symmetry of the body. A is the angle of attack of the wing. The transformation diagrams are given in Figure   15 (a). The aerodynamic forces expressed in the body frame are shown in Figure 15 (b). The lift generated (F Z )
can be seen to be mainly directed upwards, and periods of negative lift are due to the non-ideal behavior of the wing with respect to its angle of attack.
Aerodynamic Forces from Passive Rotation
The wing passive rotation kinematics that are actually generated by the prototype can be reproduced by the flapper, which allows for force measurements and comparison with active rotation. Both experiments utilize the same wing size and Reynolds number.
The active kinematics utilize both a flapping and rotation actuation, shown in Figure 16 (a). The passive kinematics use only the flapping signal. The passive rotation of the wing is achieved using a mechanism similar to the passive rotation joint from the prototype, shown in Figure 16 (b). The screw is able to rotate in the slot in the base (which attaches to the force sensor). It constrains the wing's rotational position while allowing free rotation within this range. The force sensor coordinate system is also labeled in this figure. The average lift generated using the active kinematics is 0.0738 Newtons, while the average lift generated for the passive kinematics is 0.0937 Newtons. The passive kinematics actually generate more lift than the active kinematics, despite the simpler mechanism which it would require. This is due to the faster wing rotation during stroke reversal in the passive case.
Force Measurements on Prototype
The lift generated by the prototype can be measured directly by the force sensor. The prototype was hung from the sensor by a wire. Two carbon fiber tubes are fixed to the sides of the prototype, and these tubes slide inside aluminum tubes which are fixed to the ground. The prototype is able to easily slide up and down, which is required to ensure that the force sensor is exposed to the complete vertical forces on the prototype. The set-up successfully limits the lateral motion of the prototype, shown in Figure 18 (a).
The forces generated by the prototype were measured three times, at varying flapping frequencies (1.85Hz, 1.9Hz, and 2.2Hz) over a ten second interval. The data from the force sensor was filtered with a second-order low bypass Butterworth filter. A portion of the resultant data is shown in Figure 18 (b) for frequency of 1.9Hz. The average lift increases with flapping frequency. Note that the vertical force includes both aerodynamic and inertial forces.
The average lift generated by the prototype is given in Table 2 . This average lift can be used to calculate a sustainable weight it could support. The table also shows the peak vertical force measured. 
Conclusions and Future Work
This paper presented the design and development of dragonfly-inspired robot. To investigate the aerodynamic forces on dragonfly flight, we have developed a robotic flapper apparatus to measure wing-wing interaction and phase difference effect in dragonfly flight, and to develop design guidelines for the robotic dragonflies. We have 14 designed two generations of dragonfly robot equipped with two pairs of separate wings driven by DC motors.
The phase difference of the forewing and hindwing can be varied by a coupler link in the robot mechanism. To simplify the design, one motor is driving both wings to achieve the desired flapping angle, while angle of attack is achieved through wing passive rotation. Kinematics and aerodynamic forces are calculated analytically and measured on robot experiments.
(a) Assembled prototype (third generation) (b) Prototype in motion (third generation) Figure 19 : Third generation prototype: wingbeat frequency up to 10Hz, weight 4 grams including batteries and electronics. For videos of this prototype and previous generation ones, please see http://research.me.udel.edu/deng
On-going and future work include minimizing the size and weight of the robot and increasing the flapping frequency, in order to achieve lift generation which can sustain its weight. Furthermore, adding batteries and electronics on-board while minimizing the weight is also a challenge. Figure 19 shows current prototype we are working on. With one pair of wing, it runs up to 10 Hz and weighs 4 grams total including batteries and electronics. The size and weight is substantially smaller than the previous generations. Nevertheless, to achieve high wingbeat frequency and sufficient lift generation still requires further optimizations of the design. Long term goals of the robot prototype development also include dynamic variable phase difference design during flight.
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